Composition and field tuned magnetism and superconductivity in Ndi_a;Ce2;CoIn5 
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The Ndi_a;Cea; Coins alloys evolve from local moment magnetism (x — 0) to heavy fermion super- 
conductivity (x =1). Magnetic order is observed over a broad range of x. For a substantial range of 
X (0.83 < X < 0.95) in the temperature - composition phase diagram we find that superconductivity 
may coexist with spin - density wave magnetic order at the Fermi surface. We show that a delicate 
balance betwen superconducting and magnetic instabilities can be reversibly tuned by both the 
Ce/Nd ratio and magnetic field, offering a new and unique model electronic system. 

PACS numbers: 74.70.Tx, 71.27.+a, 75.30.Mb, 74.62. Bf 



I. INTRODUCTION 

In contrast to simple metals such as Pb, phase dia- 
grams of unconventional superconductors often show a 
multitude of electronic phases of matter. In particular, 
magnetic order is ubiquitous in cuprate oxides and heavy 
fermion superconductor (HFSC) phase diagrams alike, as 
well as in some ruthenates and cobaltates. The prox- 
imity, competition, or coexistence of two distinct types 
of electronic order at the Fermi surface raised specu- 
lations that their driving mechanisms could be closely 
relatedjii^ Exotic superconductivity in heavy fermion 
materials^ usually appears near the quantum critical 
point- where the magnetic ordering temperature is tuned 
to T =0 by a variety of external parameters. For exam- 
ple annealing, composition or magnetic field^ However, 
the most frequently used tuning parameter in HFSC is 
pressure*^ This is in variance with the cuprate family 
where the interplay of superconductivity and magnetism 
is balanced by adjusting the in plane charge density of the 
Cu02 layers. The discovery of pressure - induced super- 
conductivity in Celn3^ stimulated exploratory synthesis 
of AuCus superstructures by Fisk, where the magnetic 
entropy might be further suppressed by crystallographic 
arguments.* Indeed, superconductivity in CeRhlns,^ and 
CelrlusfiS was soon discovered, as well as coexistence 
of heavy fermion superconductivity and magnetism in 
CeRhi_j:Ir3;In5.— CeCoIns,— the prima compound in 
the 115 family of HFSC, has also been recently hole 
doped to an antiferromagnetic ground state by Cd sub- 
stitution on the In (1) sitcj^^ Despite a few examples of 
structurally tuned superconductivity in HFSC, the lack 
of a predictive theory suggests that there is still no clear 
understanding of how the delicate interplay of various 
degrees of freedom in these materials stabilizes super- 
conducting, or a magnetic ground state. 

The large quasiparticle mass enhancement in CeCoIus 
is reflected in two large nearly cylindrical pieces of the 
Fermi surface and smaller 3D hole pocketsii^ Due to the 
pronounced k - space inhomogeneity, hybridization of 
the 3d electrons of Co with the 5p electrons of In results 



in a small density of states at the Fermi energy, implying 
partially quasi - 2D electronic structure.^® By exploring 
a well defined non - hybridizing local moment such as 
Nd, we were able to continuously tune the coupling in 
the lattice and consequently quasiparticle mass enhance- 
ment between 4f ions and conduction electrons. As a 
result, we have obtained a rich phase diagram. The mag- 
netic ground state in Ndi_2;Cea;CoIn5 smoothly evolves 
from local moment magnetism (LMM) on the Nd - rich 
side to HFSC on the Ce - rich side. Superconductivity 
coexists with other forms of electronic order, most likely 
magnetic in nature, in samples for Nd concentrations be- 
tween X = 0.78 and x = 0.98. We demonstrate that the 
delicate balance between coexisting ordered states can be 
smoothly tuned by magnetic fields near the magnetic - 
superconducting boundary. 



II. METHODS 

Single crystals of Ndi_a;CexCoIn5 were grown from 
an excess In flux. Magnetic susceptibility, specific heat 
and resistivity measurements were performed in a Quan- 
tum Design MPMS XL 5 and PPMS - 9 instruments 
respectively. Single crystals were thoroughly ground 
to a fine powder for structural measurements. High 
resolution synchrotron powder X - ray patterns were 
taken at beamline X7A of National Synchrotron Light 
Source at Brookhaven National Laboratory. Monochro- 
matic synchrotron x-ray and gas-proportional position- 
sensitive detector were used to measure the powder 
diffraction data. Rietveld refinements were performed 
using GSAS^il The samples were manually aligned to 
measure the magnetization, heat capacity, or resistivity 
for fields applied along the appropriate axis. M/H poly- 
crystalline averages were calculated as xC^) — ['^Xab{T) + 
Xc{T)/3\ and were used to obtain the high temperature 
effective moments. Temperature dependent magnetic 
susceptibility was used to estimate the relative ratio of 
Ce/Nd ions. At high temperatures ranging from 150 K to 
350 K, H/M curves were fit with Curie - Weiss (CW) law. 
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FIG. 1: Synchrotron powder X - ray diffraction data of 
Ndo.2Ceo.8CoIn5. For all x, only the HoCoGas structure was 
detected, in addition of several small peaks of pure In from 
the flux. 



x{T) — C/{T—<d), where C is the Curie constant and 9 is 
the Weiss temperature. Electrical contacts for in - plane 
resistivity measurements were made with Epotek-H20E 
silver epoxy on thin plate-like crystals whose dimensions 
were measured by optical microscope with 10/im reso- 
lution. The samples were previously etched in diluted 
HCl for several hours and thoroughly rinsed in ethanol 
in order to remove excess In. 
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FIG. 2: Selected regions of the synchrotron powder X - ray 
diffraction data for Ndi-^cCe^^CoIns. Both [111] and [003] 
peaks shift uniformly with Ce substitution, (b) Tetragonal 
lattice parameters a (red symbols) and "c (blue symbols) 



III. STRUCTURAL CHARACTERIZATION 
AND PHASE PURITY 

Since both NdCoIns and CeCoIns are grown using 
identical temperature profiles and an identical ratio of 
starting materials Nd (Ce), Co and In,^'^-^^ one would 
expect a smooth change of the lattice parameters in the 
Ndi_a:Cea;CoIn5 alloy series. 

Indeed, this is confirmed by high resolution structural 
measurements which showed that the samples crystal- 
lized in tetragonal HoCoGas structure without any addi- 
tional peaks introduced by Ce alloying (Fig. 1). Selected 
regions of the powder X - ray spectra showed monotonic 
evolution and uniform sharpness independent of x for 
both [111] and [003] peaks. This implies that Ce uni- 
formly substitutes Nd with the increase of x and that 
our samples are indeed alloys rather than a mixture of 
intergrown compounds NdCoIn5 and CeCoIns. The lat- 
tice parameters increase smoothly with Ce substitution 
in accordance with Vegard's law (Fig. 2b). 

Magnetic susceptibility measurements did not detect 
magnetically ordered second phases, such as Ndlns or 
Celna (Fig. 3). The cubic compounds Celn3 and 
Ndln3 order antiferromagnetically at 10 K and 6.3 K 
respectively.— Magnetic ordering in NdCoIns is de- 
pressed smoothly with the increase of Ce, and we were 
able to follow the characteristic peak in M/H (signature 
of the onset of the magnetic order) down to lowest tem- 



perature of our magnetic measurement, T = 1.8 K for 
X = 0.6. Curie - Weiss analysis of polycrystalline mag- 
netic susceptibility average at high temperatures showed 
at most a 4% deviation from the nominal ratio of Ce'^+ 
and Nd^^^ moments (Table 1). As expected, the highest 
uncertainty in the nominal concentration of Ce (x) is in 
the middle of the alloy series, for the highest chemical 
disorder. Combined together, these results demonstrate 
that Ce uniformly substitutes Nd in the entire doping 
range of Ndi-ajCe^jCoIns, with a maximum Ax = 0.04. 

IV. RESULTS 

M/H data of Ndi_a;Ce2:CoIn5 alloy series show sub- 
stantial anisotropy (Fig. 3) at low temperatures and sig- 
nature of magnetic order at Tat = 9 K. For field applied 
along the a-axis, H\\a, the magnetic transition is rather 
broad. On the other hand for H\\c, the transition is rel- 
atively sharp implying complex magnetic order. 

The thermodynamic properties of Ndi_a;Ce2; Coins are 
shown in Fig. 4. The magnetic ordering temperature 
in NdCoIns is smoothly depressed from Tjv = 9 K with 
increased Ce concentration to 2.0 K by a; = 0.6 where 
(C-C;ott)/T shows a broad peak (Fig. 4a). Interestingly, 
the magnetic ordering transition becomes sharper as x 
is further tuned towards the superconducting boundary 
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TABLE L High temperature magnetic moment in Ndi_a;CeiCoIn5 alloy series 



X 


Measured /ie//(/is) 


Expected/ie/ / (/is ) 


Error (%) 


1 


2.59(1) 


2.54 


2 


0.85 


2.67(6) 


2.69 


0.8 


0.83 


2.73(1) 


2.71 


0.8 


0.8 


2.72(1) 


2.75 


1 


0.6 


2.83(1) 


2.96 


4 


0.5 


2.96(1) 


3.07 
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0.2 


3.37(2) 


3.40 


0.8 
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3.7(1) 


3.62 
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0.030 
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FIG. 3: Magnetic properties of Ndi-aiCeiCoIns alloy series 
in IkOe for a)H f | a and b)H |t c axis. Magnetic suscep- 
tibility shows decrease with Ce substitution, with easy axis 
along the crystalline c axis. The characteristic signature of 
antiferromagnetic order is observed down to x = 0.6 above 
T ^1.8K for xc(T). The smooth evolution of xc(T) with x 
could indicate that magnetic fluctuation spectrum along the 
c axis is more relevant for tuning of the ground state. 



ratio. However, a hallmark of heavy fermion magnetism 
is observed for x > 0.5. This can be seen on the example 
of X — 0.6 where only approximately ~ 0.2 Rln2 is re- 
leased below the magnetic ordering transition at 2 K. In 
the superconducting region at the Ce -rich side (Fig. 4b) 
additional thermodynamic anomalies A, B and C emerge 
in (C-Ciatt)/T below the superconducting transition Tc 
for X = 0.95, X = 0.9, but above Tc for x = 0.83. 

By examining electronic transport we obtain further 
evidence for the presence of distinct types of electronic 
matter in the phase diagram. Temperature dependent 
electrical resistivities normalized to their value at 300K 
(Fig. 5 a,b) show rather small loss of the spin disor- 
der scattering below Neel temperature in NdCoIns . This 
is consistent with the LMM - type of order in rare earth 
intermetallic compounds where local moments do not be- 
come part of Fermi surface upon cooling. By x — 0.5 the 
electronic scattering strongly increases due to a single ion 
Kondo - type interaction and a logarithmic contribution 
of hybridizing Ce^+ ions submerged in the Fermi sea. 
Eventually for x > 0.5 a broad coherence peak develops 
in the lattice. This marks the emergence of an addi- 
tional Kondo energy scale arising from the coherence in 
the heavy fermion lattice. As expected, the coherence 
temperature Tcoh increases with the increase of Ce'^"'" 
ions. Looking from the Ce - rich side, the onset of the su- 
perconducting transition in CeCoIns is depressed to 0.9 
K and magnetic scattering increases by a; = 0.83 (Fig. 
4b). 



V. DISCUSSION 



for X = 0.7. At a; > 0.78 superconductivity emerges. 
With increasing x, the Tc increases to the bulk Tc ~ 
2.3 K of CeCoIns. The magnetic entropy released upon 
emergence of LMM (Fig. 4a inset) scales with Nd con- 
centration up to a; = 0.4, implying that Ce ions do not 
play a direct part in the formation of the LMM ground 
state. In the HFSC state for 0.78 < x < 1, the magnetic 
entropy at 5K is essentially invariant to changes of Ce/Nd 



Heat capacity in the HFSC state for x < 0.95 reveals 
two thermodynamic anomalies. Only one (C-C;aft)/T 
discontinuity, though, corresponds to the superconduct- 
ing transition (Fig. 4b). One possible explanation for 
this would involve sample inhomogeneity and a distribu- 
tion of the doping concentration. This however is very 
unlikely due to the low residual resistivity, the clean high 
resolution synchrotron powder X - ray diffraction pattern 
with uniform sharpness of peaks for the whole range of x 
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FIG. 4; (a): Thermodynamic properties of Ndi_a;Cea:CoIn5. 
Specific heat of LaCoIns was taken as the estimate of the lat- 
tice specific heat Ciatt- Magnetic entropy (inset) obtained 
from integral {C-Ciatt)/T in the same temperature range, 
(b): Thermodynamic and transport properties in the super- 
conducting state, measured on the same sample for each Ce 
concentration x minus the lattice. The lattice resistivity was 
estimated by taking values of electrical resistivity of LaCoIns, 
With decrease of the Ce/Nd ratio, the superconducting tem- 
perature Tc is suppressed. The additional thermodynamic 
anomaly increases in temperature (A — > B — > C), as seen 
in the heat capacity data (full symbols). In - plane resistivity 
data (open symbols) are shown to identify superconducting 
transition. 



and the compositional dependence of lattice parameters 
a and b in accordance with Vegard's law (Fig.l). Fur- 
thermore, one would expect the highest degree of metal- 
lurgical disorder around the middle of the doping range, 
for X = 0.5, and not near the Ce end. Finally, in su- 
perconducting materials with metallic type of bonding, 
metallurgical inhomogeneity would shift the bulk Tc of 
the whole sample, not only a fraction of the sample. For 
example, in CeCu2.2Si2 this is indeed seen in high reso- 
lution studies of the local structure. Moreover, as seen 
in the heat capacity data for x — 0.1, the two thermody- 
namic anomalies are comparable in size. Thus secondary 
phases would have been easily detected in the analysis of 
powder X - ray spectra. Furthermore, as will be evident 
in Fig. 7, the smooth evolution of Tc{x) and Tm{x) ar- 
gues against real space inhomogeneity. Our results imply 
that magnetic and superconducting phases coexist in the 
phase diagram, similarly to the situation in Cd - doping 



FIG. 5: Results of resistivity measurements on 
Ndi-iCeiCoIns with current parallel to the [100]. (a): 
Resistivity curves normalized to their value at 300 K. 
(b): Magnetic contribution to the electrical resistivity (p 
- Piattice)- The lattice resistivity was estimated by taking 
values of electrical resistivity for LaCoIns. 



of CeCoIns^ 

An alternative explanation involves two superconduct- 
ing energy scales on different parts of the Fermi surface 
and negligible interband scattering. This could explain 
low temperature anomalies A, B for x — 0.95 and x — 0.9 
since zero resistivity is achieved at the high temperature 
transition and is maintained through the low tempera- 
ture transition. However, this scenario cannot explain 
thermodynamic anomaly C above the superconducting 
transition in Ndo.irCeo.ssCoIns (Fig. 4b). We specu- 
late that low temperature discontinuities A and B, high 
temperature discontinuity C as well as sharp transition 
in [C-C/att]/T (Fig. 4(a)) for x = 0.7 may be connected 
with some form of Fermi surface instability appearing 
concurrently on a different part of the Fermi surface. In 
what follows we show that this instability as well as the 
boundary between superconductivity and magnetism can 
be tuned by a magnetic field, in addition to composition 
X. Application of magnetic field reverses remarkable be- 
havior seen with progressive decrease in the Ce/Nd ratio, 
tuning the boundary between the two ordered states. 

The magnetic field depresses both Tc and B in 
Ndo.gCco.i Coins (Fig 6). The suppression is rather 
anisotropic. For a field applied along the c- axis super- 
conducting anomaly in heat capacity and increasingly 
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FIG. 6: Thermodynamic and transport properties near mag- 
netic - superconducting boundary, x — 0.1, for H ft c - ax;is 
(a) and H || a - axis (b). For each x, C/T and p data were 
taken on the same sample. The crossover from positive to 
negative magnetoresistance for H || a - axis suggests dif- 
ferent nature of critical magnetic fluctuations below He = 
50 kOe and above He- Superconducting transition Tc cor- 
responds to thermodynamic anomaly at higher temperature 
(below He) and at lower temperature (above He) for H t| a 
- axis. A small feature in resistivity around 1 K for H = 70 
kOe could indicate opening of the partial gap at the Fermi 
surface in higher fields. 



broad resistivity transition are suppressed to 0.5 K in 
40 kOe. The anomaly B is observed only below 10 
kOe, merging into a single thermodynamic transition for 
higher fields above 0.4 K, the lowest temperature of our 
measurement. On the other hand, for a field applied 
along a- axis both thermodynamic anomalies show quite 
different field dependence. Superconducting Tc at 30 
kOe - defined by the simultaneous onset of zero resistivity 
and the start of the heat capacity anomaly - is suppressed 
to 1.4 K. The anomaly B is observed below the Tc, just 
as we observe in H = 50 kOe. In contrast to H = and 
H = 30 kOe, zero resistivity in H = 50 kOe corresponds 
to midpoint, rather than the onset of the heat capacity 
anomaly. In H = 70 kOe, Ndo.iCeo.gCoIns electronic 
matter becomes equivalent to the x = 0.83 sample at H 
— kOe: the main heat capacity transition is now above 
superconductivity. Electronic scattering for field applied 
in tetragonal plane (Fig. 3b) first increases and then de- 
creases in the normal state as the magnetic field is tuned 
through He = 50 kOe. The resistivity transition in H > 
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FIG. 7: Phase diagram of Ndi-^iCej^CoIns at H = 0: super- 
conducting Te (blue symbols), antiferromagnetic Neel tem- 
perature (red symbols), coherence temperature of the Kondo 
lattice (purple symbols). Orange symbols represent second 
broad thermodynamic anomaly in C/T (below Tc) where re- 
sistivity shows small upturn (above Te and for x = 0.7 at 
H = 0). The local moment antiferromagnetism of NdCoIns 
smoothly changes to heavy fermion antiferromagnetic state 
around x — 0.5. Magnetism and superconductivity meet 
around x = 0.8. The Neel ordering temperature monoton- 
ically decreases for < a; < 0.6. For x > 0.7 heat capacity 
anomaly most likely corresponds to spin density wave type of 
magnetic order, deep in the superconducting state. 



He is sharper implying a magnetic field induced phase 
transition for H f | a -axis. The size of the superconduct- 
ing anomaly in (C-C;att) decreases in field relative to the 
size of additional thermodynamic anomaly B below Tc 
at H = for field applied along both crystalline axes. 
There is no loss of spin disorder scattering at the main 
heat capacity transition Tjv/ for both x = 0.1 sample in 
H = 70 kOe (Fig. 6b) and for x = 0.83 sample in H = 
(Fig. 4b). Instead, a very small upturn is observed in 
Fig. 4(b) (x = 0.83, H = 0) and in Fig. 6(b) (x = 0.1, H 

— 70 kOe) in resistivity (denoted by orange diamonds), 
a signature of the partial gapping of the Fermi surface. 
This is reminiscent of an itinerant spin-density- wave type 

- transition based on Fermi-surface nesting in a heavy- 
electron band observed in Ce(Ruo.85Rlio. 15)2812.^^ 

It appears that Ndi_3;Ce2;CoIn5 can support simulta- 
neously multiple electronic ordering states. Coexistence 
of magnetism in superconductivity in Ce 115 supercon- 
ductors has been induced by pressure in CeRhlns or by 
composition in CeRhi_a;Ir2;In5, CeCo(Ini_2;Cdj;)5 and 
CeRhi_3;Coa;In5i^iiiJ^i^ The low temperature specific 
heat and resistivity data taken in Ndo.iCeo.gCoIns at H 
= and in Ndo.iyCeo. 83 Coins at H = 70 kOe imply that 
Tc and Tm involve instabilities at different parts of the 
Fermi surface. The balance between these states is tuned 
only by degree of hybridization in the Kondo Lattice 
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(Ce/Nd ratio) and by magnetic field. Though the pres- 
ence of additional magnetic transition made it difficult to 
estimate accurate values for the electronic heat capacity 
coefficient 7, by taking 7 — [C-C;att(T)]/T above Tc, we 
observe that the large jump at ambient pressure in the 
specific heat of CeCoIns AC/C(Tc) — 4.35 is reduced as 
more Nd enters into the matrix. For x = 0.98 we observe 
AC/C(Tc) = 3.79 and by x = 0.1 this ratio decreases 
to 1.76. Nevertheless, our results may indicate general 
trend that increased Nd concentration decreases electron 
- boson coupling strengthi^ 

In the standard paradigm, the suppression of heavy 
fermion antiferromagnetic order leads to superconduc- 
tivity around the quantum critical point i^*^ One as- 
pect of the reduced Ce/Nd ratio in the lattice is a neg- 
ative pressure. Using the bulk modulus of CeCoIus B 
= 76 GPa,"^ we estimate that a rigid shift of the lat- 
tice parameters for x — 0.83 and x — 0.9 corresponds to 
0.03 GPa of applied pressure, Given that ATc — 0.9 K 
(50%) between these two concentrations, this result im- 
plies that chemical pressure effects are less relevant than 
electronic tuning through increased hybridization.^^ This 
result applies not only at the magnetic - superconduct- 
ing boundary where the contribution is only up to 2%, 
but also for the whole range of x since changes of the 
ground state in Ndi_2,Cea;CoIn5 are far more dramatic 
than what was observed in pressure - induced changes of 
the ground state in CeCoInsi^ 

It would be instructive to compare our results with 
the reported coexistence of superconductivity and mag- 
netism in CeRhlns under high pressure and to field- 
induced magnetic order in the superconducting state of 
Lai.9Sro.iCu04 i^^i^^ '^ In both materials, as well as in 
CeCoIns, there are nodes in the superconducting gap. 
Delicate balance between antiferromagnetic and super- 
conducting coupling near a quantum phase transition is 
smoothly tuned by magnetic field which generates field- 
induced vortices that suppress superconductivity and en- 
hance magnetic correlations i^*^ In addition to this, in 
Ndi_2:Cea;CoIn5 suppression of d-wave superconductiv- 



ity is certainly influenced by disorder, as seen in large 
increase in residual resistivity (Fig. 5)^22, 

The evolution of superconducting T(7(x) with the in- 
crease of Nd is similar to Cei_2;La2;CoIn5i^»^ This is 
consistent with dominant potential scattering and insen- 
sitivity of Tc to magnetic configuration of the rare earth 
ion, as observed in Cci-ajRa^CoInsi^ 



VI. CONCLUSION 

In conclusion, we have reported on Nd substitution in 
CeCoIns. Nd substitution results in the rich phase di- 
agram, controlled apparently only by Ce/Nd ratio, i.e. 
by the level of 4f - conduction electron coupling. Ground 
state of this alloy series evolves from LMM to HFSC state 
via magnetically ordered heavy fermion ground state. 
Small concentration of Nd (5%) induces magnetic or- 
der deep in the superconducting state. We have demon- 
strated magnetic field tuning of the delicate balance be- 
tween superconducting and magnetic ground state at the 
magnetic - superconducting boundary. We invite fur- 
ther investigation into possible microscopic coexistence 
of magnetic and superconducting order parameters by 
NMR and neutron scattering measurements. Possible 
existence of short range order (spin glass) between local 
moment magnetism and heavy fermion superconductor 
near the middle of alloy series would offer model elec- 
tronic system with rich interplay of superconductivity 
and magnetism comparable to high-Tc cuprate oxide su- 
perconductors. 
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